A widely held view is that top-down modulation of sensory information relies on an amodal control network that acts through the thalamus to regulate incoming signals. Olfaction lacks a direct thalamic projection, which suggests that it may differ from other modalities in this regard. We investigated the late positive complex (LPC) amplitudes of event-related potentials (ERP) from 28 participants, elicited by intensity-matched olfactory, auditory and visual stimuli, during a condition of focused attention, a neutral condition, and a condition in which stimuli were to be actively ignored. Amplitudes were largest during the attend condition, lowest during the ignore condition, with the neutral condition in between. A Bayesian analysis resulted in strong evidence for similar effects of task across sensory modalities. We conclude that olfaction, despite its unique neural projections, does not differ from audition and vision in terms of task-dependent neural modulation of the LPC.
Introduction
The ability to modulate incoming sensory information is a prerequisite for goal-directed behavior. A widely held view is that this modulation does not take place in sensory brain areas, but relies on an amodal frontoparietal control network that acts through the thalamus to regulate the flow of sensory information Keller 2011; Gazzaley and Nobre 2012; Wimmer et al. 2015) . Depending on current goals, the network influences incoming signals so that task relevant stimuli elicit greater neural activity than passively observed stimuli, which in turn elicit greater activity than actively ignored stimuli (Krawczyk et al. 2007; Gazzaley 2011 ).
The sense of smell is of particular interest when investigating topdown control processes (Stevenson 2009 (Stevenson , 2013 Tham et al. 2009; Keller 2011) , as the projection from olfactory sensory neurons to neocortical brain regions does not involve a direct thalamic relay (Gottfried 2010) . Some argue that the olfactory bulb, in which olfactory sensory neurons first synapse, is the equivalent of an olfactory thalamus (Kay and Sherman 2007) . Others propose that the thalamus indeed plays a prominent role in olfactory top-down modulation, despite having no direct input from olfactory sensory neurons (Courtiol and Wilson 2015) . Regardless of where it takes place, this unique anatomical feature suggests that top-down modulation of olfactory stimuli may deviate from that of other modalities.
Nevertheless, studies of olfactory event-related potentials (ERPs) suggest that attended olfactory stimuli results in greater amplitude of late peaks, compared with conditions in which the stimuli are ignored (Krauel et al. 1998; Geisler and Murphy 2000; Masago et al. 2001; Andersson et al. 2011) . Others report shorter ERP latencies when olfactory stimuli are attended (Krauel et al. 1998; Morgan and Murphy 2010) . In terms of behavioral measures, attention increases speed and accuracy when performing olfactory discrimination tasks (Spence et al. 2001) . Neuroimaging studies have also revealed that attended and ignored olfactory stimulation recruits different regions of the brain (Zelano et al. 2005; Plailly et al. 2008; Veldhuizen and Small 2011; Djordjevic et al. 2012 ). The literature thus shows that task-dependent modulation of odors does occur. Systematic comparisons of olfactory top-down control processes in comparison to those of other senses are, however, rare. As are studies of graded modulation of olfactory stimulation, i.e. increased and decreased neural responses relative to a neutral baseline. Both issues are important to investigate, as the outcome may reveal whether olfaction adheres to the same principles as other sensory modalities in terms of taskdependent modulation, which in turn is important for the assumption of amodal top-down control processes.
When comparing ERPs of different sensory modalities, morphological differences between waveforms must be considered. Although visual and auditory ERPs may be divided into a variety of components, the olfactory waveform is less compartmentalized. The main and often only clearly distinguishable deflection in the olfactory ERP is a positive waveform referred to as P2, P3, or a P2/P3 complex (Bulsing et al. 2010; Andersson et al. 2011) . While these differences constitute a difficulty when comparing olfactory ERPs from those of other modalities, olfactory, auditory, and visual ERPs also share common properties. The late positive complex (LPC) is a major distinguishing feature in all 3 modalities, most pronounced at parietal sites (Pause et al. 1996; Olofsson et al. 2008; Nordin et al. 2011) . It is associated with resource allocation processes such as working memory load and attention (Sutton and Ruchkin 1984; Rushby et al. 2005) , and may be further subdivided into specific components, such as the P3 (Dien et al. 2004 ). The LPC (Rushby et al. 2005 ) and P3 are often regarded as largely endogenous and modality unspecific (Katayama and Polich 1999; Pause and Krauel 2000; Polich 2007 ), although at least the latter also contain sensory specific generators (Dreo et al. 2017) . In sum, the characteristics of the LPC suggest that it is suitable for comparing task-related neural modulation of olfactory, auditory, and visual stimuli.
We compared the LPCs following exposure to intensity-matched olfactory, auditory and visual stimulation, presented during 3 task conditions designed to increase and decrease neural activity relative to a neutral baseline . Given the uniqueness of olfactory anatomy and function, our hypothesis was that the attentional modulation of the olfactory LPC would differ from that found in audition and vision. If, however, olfactory attention would not deviate from that of other modalities in this regard, this would lend credibility to the notion of global, or similarly instantiated top-down processes affecting the LPC across sensory modalities.
Materials and methods

Participants
Twenty-eight (14 f) young adults (mean age = 24 years, SD = 2 years) participated in the study. All of them were non-smokers, and had refrained from eating and drinking coffee 2 h prior to testing.
Information regarding the study was given verbally and in writing. The study was conducted in accordance with the Helsinki Declaration, and approved of by the Umeå Regional Ethics Board (Dnr 05-175M). A signed informed consent was obtained from each participant, who received 200 SEK (~20 €) after completed testing.
Screening for olfactory, visual, and auditory deficits
Participants were screened for olfactory, auditory (loudness) and visual (colour contrast) detection deficits by means of 2-alternative (stimulus/blank) forced choice ascending methods of limits tests (Gescheider 1997) . Olfactory stimuli consisted of butanol ranging from dilution step 9 (6.8 × 10
-5 %) in 3-fold increases to 0 (4.0%) in polyethylene squeeze bottles with pop-up spouts. Distilled water was used as blank. Auditory stimuli consisted of 1000 Hz tones presented binaurally through headphones (Häger Mower SJ 601), which were to be identified in a tone/silence stimulus pair. Loudness ranged from 20 to 50 dB(A) in steps of 10 dB(A). Visual stimuli consisted of blue circles (4.2 cm in diameter) on a LCD screen (NEC LCD 1701) at a distance of 70 cm from the eyes, which were to be identified in a circle/blank stimulus pair. The blank presentation was a gray background (RGB-value of 128:128:128). The stimulus circles had different levels of saturation, with red and green values of 128, and blue values of 129, 130, 132, 134, 136, 138, 140, 142, and 144 . The threshold was defined as correct detection of 5 out of 5 stimuli at a certain concentration, saturation or loudness step. All participants were regarded as normosmic according to normative data (Cain 1989) . All participants identified the 20 dB(A) tones, except for one man who correctly identified the 30 dB(A) tones. The participants were thus regarded as having non-impaired hearing. All participants correctly identified circles with blue values of 132 or less, which is at a saturation level 25 times lower than that of the visual stimuli used in the main study.
Stimuli
We conducted a pilot study to select olfactory, auditory, and visual stimuli that were matched in terms of perceived intensity. The rationale for using intensity-matched stimuli was to minimize ERP effects due to different stimulus strengths. Twelve (6 f) young adults (mean age = 26 years, SD = 3 years) were instructed to rate the intensity of 5 amyl acetate concentrations (10, 13.2, 17.3, 22.8, and 30%), five 1000 Hz tones (50, 60, 70, 80 , and 90 dB(A)), and 5 blue circles (RGB values 118:118:137, 109:109:146, 95:95:160, 63:63:192, 2:2:253, saturation levels 18, 35, 61, 121, 236) using the method of magnitude estimation (Stevens 1975) . Olfactory stimuli were presented through a dynamic olfactometer (OM2s, Burghart Instruments, Germany). Auditory and visual stimuli were presented with the equipment used in the screening tests. The 15 stimuli were repeated 7 times in a semi-randomized fashion, so that stimuli of the same modality were never presented in consecutive order. Based on the linear regression functions of the intensity ratings on the one hand, and amyl acetate concentration/dB(A)/saturation steps on the other (Nordin 1994) , the perceived loudness and saturation corresponding to 16.5% amyl acetate was determined.
The olfactory stimulus used in the main ERP study thus consisted of 16.5% amyl acetate (~2400 ppm), presented at a flow rate of 8 L/min, at 39°C and 80% relative humidity. The auditory stimulus was a 1000 Hz tone (71 dB(A)), and the visual stimulus was a blue circle (RGB-values 87:87:168, saturation level 76). All stimuli had a duration of 200 ms. As in the pilot study, the stimuli used in the main study were presented in a semi-randomized order so that 2 stimuli of the same modality never followed each other. The inter-stimulus interval varied between 10 and 20 s to make the stimulus onset less predictable and thereby enhance the late positive ERP peaks . The mean intervals between 2 stimuli of the same modality averaged 45 s (range 30-60 s). The olfactometer presented a warm, humidified airstream into the nose of the participant at all times, with the same characteristics as the olfactory stimulus, but without the added odorant. The rationale for this setup was to avoid stimulating mechanoreceptors when presenting the olfactory stimulus. To prevent participants from hearing the switching of the vents in the olfactometer, white noise at 50 dB(A) was presented binaurally through the headphones throughout the testing session.
Tasks
Participants performed 3 different tasks during the ERP session, designed to either enhance or suppress neural processing relative to a neutral baseline (Gazzaley et al. 2005; Gazzaley 2011 ). In an Attend condition, participants were told to pay attention to the randomly presented stimuli and respond to each presentation as quickly as possible by pressing a mouse button. In a Neutral condition, the task was to daydream, and not respond in any way to the stimuli. In an Ignore condition, participants had to silently count backwards from 1000 in steps of 7 (i.e. 1000, 993, 986, etc.) and not attend to the stimuli. When they reached the number closest to each even hundred (e.g. 902), they verbalized this number. If the number was incorrect, the experimenter corrected the participant. The stimuli were in this condition considered distractors that could potentially disrupt the counting task. The order of the tasks was balanced across participants in an ABC Latin square fashion.
Procedure
After the sensory screening, participants were fitted with electrodes and seated comfortably in a chair in front of the screen. They were encouraged to breathe through their mouth (nasopharyngeal closure) throughout testing to prevent exhaling the olfactory stimuli, and fixate within a small area of the computer screen. After being briefed about the task to perform in the coming block, participants put on the headphones. The nosepiece was inserted into the most patent nostril. Each task block had a duration of approximately 30 min, during which 33 olfactory, 33 auditory, and 33 visual stimuli were presented, for a total of 99 stimuli of each modality. The same stimulus sequence was used in all 3 task blocks. In between blocks, participants were given a brief pause. The entire ERP session thus lasted approximately 1.5 h. An illustration of the study setup is given in Figure 1 .
ERP, reaction times, and statistical analyses
EEG was recorded using gold-plated electrodes placed according to the International 10/20 system at midline (Fz, Cz, Pz), with reference electrodes at the mastoid bones (A1 + A2). An electrooculogram (EOG) was recorded (Fp2/A1 + A2) and a ground was placed at the forehead. Impedance was kept below 10 kΩ. The recordings were amplified (20 000 times), filtered (0.01-18 Hz band-pass filter) and digitized at 250 Hz for 1496 ms with a 300 ms pre-stimulus baseline. Waveforms were averaged off-line, rejecting trials in which EOG activity exceeded ±100 μV. Mean (±SD) number of artefact free trials in the Attend, Neutral, and Ignore conditions were 22 (6.8), 23 (4.5), 18 (7.7) in the olfactory modality; 21 (6.5), 23 (5.7), 21 (7.5) in the auditory modality, and 22 (7.9), 25 (4.7), 22 (6.9) in the visual modality. Simple RT was recorded during the attend condition using a USB connected mouse (Apple Pro Mouse). Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 23.0 and JASP version 0.8.4 (JASP Team 2017, jasp-stats.org).
Characterizing the LPC
Given the difficulty of separating the main olfactory ERP peak into subcomponents, we adopted the same, relatively componentindependent analysis strategy across modalities. Based on grand averaged ERPs from the attend task at Pz, we defined the entire positive deflection in the olfactory, auditory, and visual waveforms as LPCs (cf. Figure 2) . The drawback of this procedure is that the waveforms arguably contain several components (Sutton and Ruchkin 1984) that may be differently influenced by attention. Nevertheless, it follows the recommendation of investigating component-independent, large, clearly discernible deviations in the waveform, in conditions that differ only in terms of task demands (Luck 2005) . The LPCs were thus defined as the mean amplitude between 380-900 (olfactory), 180-600 (auditory), and 190-620 (visual) ms after stimulus onset.
Results
We analysed the LPC data by means of a 3 × 3 × 3 repeated measures analysis of variance (ANOVA) with Modality (Olfactory, Auditory, Visual), Task (Attend, Neutral, Ignore), and Site (Fz, Cz, Pz) as within subject factors. Greenhouse-Geisser correction was applied for all analyses. The full factorial output (F-values and effect size in partial eta squared) is given in Table 1 , and an illustration of the grand averaged and difference waveforms in Figure 2 . The main effect of Task, and the absence of a Modality × Task interaction, are the 2 outcomes pertinent to the aims of this study. In combination, they suggest that the tasks influenced the LPC in all 3 modalities, but that there were no clearly discernible task-related differences between olfactory, auditory or visual waveforms. Post hoc pair-wise comparisons of the Task main effect revealed that the LPCs in the Attend condition were significantly larger than those in the Neutral (t = 8.1, d = 1.5) and Ignore (t = 11.6, d = 2.2) conditions, and that the LPCs in the Neutral condition were significantly larger than those in the Ignore condition (t = 6.3, d = 1.2). We additionally performed a Bayesian repeated measures ANOVA using the same factors as above, with the r scale parameter set to 1, to assess the interaction effect further. Comparing the Modality × Task interaction model with a model where Modality and Task were considered nuisance terms produced a BF 10 of 0.05. This indicates that the data is 20 times more likely to occur under the main effect than the interaction model, which is considered strong evidence against the Modality × Task interaction (Wagenmakers et al. 2017) . The LPC amplitudes of the 3 modalities, during the 3 attention conditions, are illustrated in Figure 3 and Supplementary Figure S1 .
In addition to the ANOVA, we performed a hierarchal cluster analysis on Z-transformed olfactory, auditory, and visual LPC amplitudes from the 3 task conditions, averaged across electrode sites. Cluster analyses group variables based on Euclidean distance/dissimilarity, and is, e.g. used in phylogeny to categorize organisms based on genetic similarity. The clustering is commonly represented in the form of a dendrogram, or tree, where variables are joined together in a hierarchal fashion from the closest (i.e. most similar) to the furthest apart (i.e. most different). An analysis using average linkage as clustering method of squared Euclidean distances between variables produced the dendrogram given in Figure 4 . The dendrogram shows that the LPCs from the Attend and Neutral conditions formed distinct, relatively sensory-unspecific clusters. The auditory and visual LPCs is tightly clustered in the Attend condition, with olfaction at a larger distance. This separation was not present in the Neutral condition, where all sensory modalities were at similar, moderate distances. The cluster structure appears to dissolve during the Ignore condition, with the olfactory LPC again being the most dissimilar variable. Figure 2. Grand averaged and difference waveforms from the 3 modalities, during the 3 task conditions. Shaded areas denote the time periods from which the late positive complexes were extracted. Response times (RT) are also illustrated for descriptive purposes.
Discussion
We conducted this study to investigate how different top-down demands influence neural processing of olfactory stimulation, and whether the outcomes of such manipulations are different from those in the auditory and visual domains. We analyzed the LPC, the major positive deflection in the ERP waveform, following exposure to intensity-matched olfactory, auditory, and visual stimulation. These neural responses were collected during attend, neutral, and ignore conditions. Because of the unique olfactory anatomy and function, we hypothesized that the attentional modulation of the olfactory LPC would differ from that of audition and vision. A significant main effect of Task, an absence of a Modality × Task interaction, and a follow-up Bayesian analysis provided strong evidence against an interaction effect. Top-down demands did influence the LPCs, but the olfactory, auditory or visual modalities did not differ in this regard. Attended stimuli were paralleled by relatively high amplitudes, ignored stimuli with relatively low, and neutral stimuli in between. Therefore, despite the contested nature of thalamic modulation in olfaction (Kay and Sherman 2007; Courtiol and Wilson 2015) , and the importance of this circuit in the modulation of sensory gain Wimmer et al. 2015) , the current results suggest that top-down enhancement and attenuation due to task demands is similar across senses (Gazzaley et al. 2005; Gazzaley 2011) .
Researchers have previously emphasized the need to investigate both enhancement and suppression of sensory stimuli relative to a neutral baseline, as it provides a more fine-grained assessment of gain control process ). This has not been studied in olfaction before, and the current study therefore complements the previous literature of top-down influences of olfactory processing (Krauel et al. 1998; Masago et al. 2001; Morgan and Murphy 2010; Andersson et al. 2011) . Top-down modulation of odors is also important when assessing theories of higher cognitive functions (Smythies 1997; Keller 2011; Stevenson 2013; Morsella et al. 2016) . Although previous studies have suggested that task-dependent modulation of olfactory stimuli is comparable to that of vision and audition, the conclusions have mainly been based on extrapolation, and not a direct comparison between different modalities. Such a comparison is needed to address sensory amodal top-down control processes. The current results support the notion of shared (Gazzaley and Nobre 2012) or similarly instantiated topdown resources, even in a case where one of the sensory modalities lacks a direct thalamic projection.
The dendrogram complements the ANOVA results by illustrating that LPC amplitudes cluster together based on task rather than sensory modality, in line with the notion of sensory-general generators of the LPC. Similar to prior work, the olfactory waveforms were more dissimilar than auditory and visual LPCs (Olofsson et al. 2008) . This indicates that although the LPC is similarly influenced by task demands independently of whether it is elicited by visual, auditory or olfactory stimuli, the olfactory LPC overlaps less with its visual and auditory counterparts. Overall, the waveforms were most dissimilar in the ignore condition. This might be due to less overlap across different sensory systems in this condition, or simply a lower signal-to-noise ratio that obfuscates the ERPs. We draw no further conclusion from this descriptive analysis, but suggest that future studies of the similarities and differences in cortical responses across sensory systems might similarly benefit from using this method.
The conclusions in this study rest on the assumption that the olfactory, auditory and visual LPCs reflect the neural processes of interest, and that the subcomponents of the waveforms can be combined into a meaningful complex. This may be considered one of the limitations of the study. We adopted this classification strategy (Luck 2005 ) based on the constraints imposed by the lack of clearly distinguishable peaks in the olfactory ERP (Bulsing et al. 2010; Andersson et al. 2011 ), see also Figure 2 . Despite its drawbacks, we argue that the encompassing LPC waveform is a relevant measure, due to its sensory non-specific nature, association with task-demands (Sutton and Ruchkin 1984) , and correspondence to other measures of attentional allocation such as the orienting response (Rushby et al. 2005 ). Moreover, it should be noted that the conclusion is constrained by the ERP method used. Future studies may for instance benefit from other psychophysiological registrations, source localization procedures, or analyses of the time-frequency domain of the EEG. A final caveat has to do with the attend task. We opted to include speeded response to keep participants on edge, and thus maximizing their focus. The drawback is that the button click may arguably add a motor component to the ERP. In sum, we conclude that top-down modulation of olfactory LPC amplitudes does not differ from audition and vision. To the degree that the LPC reflect the processes of interest, the results corroborate and expand the previous literature on olfactory top-down modulation, and gives further credibility to the assumption of amodal or similarly instantiated control processes.
